Background: There is a biologically plausible rationale whereby the dietary carotenoids lutein (L), zeaxanthin (Z), and meso-zeaxanthin (MZ), which are collectively referred to as macular pigment (MP) in the central retina (macula), support the maintenance of cognition via their antioxidant and anti-inflammatory properties. Objective: To investigate the impact of supplemental L, Z, and MZ on memory, executive function, and verbal fluency among healthy individuals with low MP levels. Methods: In this double-blind, placebo-controlled, randomized clinical trial, subjects (n = 91; mean ± SD age = 45.42 ± 12.40; % male = 51.6) consumed a daily formulation of 10 mg L, 10 mg MZ, and 2 mg Z (n = 45) or placebo (n = 46) for 12 months. Cognitive domains assessed included verbal and visual learning, immediate and delayed memory, executive function, and verbal fluency. MP and serum carotenoid concentrations of L, Z, and MZ were also measured. Results: Following 12-month supplementation, individuals in the active group exhibited statistically significant improvements in memory when compared to the placebo group (paired associated learning [PAL] memory score [rANOVA, p = 0.009]; PAL errors [rANOVA, p = 0.017]). Furthermore, the observed reduction in the number of errors made in the PAL task among those in the intervention group was positively and significantly related to observed increases in MP volume (p = 0.005) and observed increases in serum concentrations of L (p = 0.009). Conclusion: This randomized, double-blind, placebo-controlled clinical trial demonstrates a memory-enhancing effect of daily supplementation with L, Z, and MZ in healthy subjects with low MP at baseline. The implications of these findings for intellectual performance throughout life, and for risk of cognitive decline in later life, warrant further study.
INTRODUCTION
Cognitive function encompasses a wide array of mental faculties, including memory, perception, language, decision-making, planning, and reasoning. Throughout a cognitively healthy life, some aspects of cognition are known to improve while other elements are known to deteriorate [1] . For example, some facets of cognition, such as vocabulary, improve with the passage of time, while others (e.g., processing speed and working memory [shortterm maintenance and manipulation of information involving executive processes, such as reasoning and decision-making]) gradually decline with age [2] . It is known that the brain is not fully developed until the third decade of life [3] , and that during this time its development can be influenced by many factors, such as a new career, parenthood, and lack of sleep. However, the observation that healthy educated adults in their 20 s and 30 s exhibit subclinical signs of general cognitive decline, albeit under test conditions, suggest that the onset of decline is earlier than previously thought [4] . Indeed, the findings of a recent study involving >3,000 participants suggests that cognitive decline begins as early as 24 years of age [5] .
There is reason to believe that optimization of cognitive function throughout life may reduce the risk, or delay the onset, of cognitive decline in later life. Recently, it has been suggested that approximately 35% of dementia cases are attributable to a combination of nine risk factors [6] . These include: education (to a maximum of age 11-12 years), mid-life hypertension, mid-life obesity, hearing loss, late-life depression, diabetes, physical inactivity, smoking, and social isolation. Importantly, educational attainment is strongly correlated with socio-economic status, which in turn is associated with better health outcomes (e.g., physical activity [7] , tobacco use [8] , and healthier diets [9] . There is a growing body of evidence that good nutrition is important for optimal cognition [10] and maintenance of cognition [11] and is also associated with reduced risk of Alzheimer's disease (AD), the most common form of dementia, in later life [12] . Accordingly, the role of carotenoids in human health has attracted the attention of researchers in recent years, as has the possibility that these dietary compounds may protect against cognitive decline [13] .
Carotenoids are naturally occurring plant pigments ubiquitous throughout nature and synthesized de novo by photosynthetic organisms (plants, algae, cyanobacteria) and some non-photosynthetic organisms (but, importantly, not by mammals) [14] . Carotenoids are classed as carotenes (which are pure hydrocarbons and contain no oxygen) or xanthophylls (which are oxygen derivatives and more polar than carotenes). Due to their powerful antioxidant and anti-inflammatory properties, carotenoids are now known to play an important role in human health. Indeed, a higher consumption of carotenoids has been shown to be related to a lower risk of chronic diseases, including cardiovascular disease and some cancers [15] .
Of the 750+ carotenoids found in nature, 40-50 are found in the human diet [16] and ∼18 in human blood [17] , and yet only three carotenoids (lutein [L] , zeaxanthin [Z] , and meso-zeaxanthin [MZ] ) accumulate in the central retina (macula), where they are collectively referred to as macular pigment (MP). L is the dominant carotenoid in the macula's periphery, whereas Z and MZ are dominant in the mid-periphery and epicenter, respectively, of this tissue [18] . In other words, and with exquisite biological selectivity, the central retina captures L, Z, and MZ, where these dietary compounds have been shown to play a crucial role in optimizing vision in healthy subjects [19] and in retarding progression of age-related degenerative disorders of neural tissue (i.e., age-related macular degeneration [AMD] ) [20] . While it appears that MP augmentation is best achieved with the inclusion of MZ [21] , to date, no attempt has been made to identify this carotenoid in human brain tissue; however, L and Z have been identified in the hippocampus, cerebellum, and frontal, occipital, and temporal cortices [22] [23] [24] . Accordingly, given that the retina is a component of the central nervous system (CNS), and given that at least two of the three macular carotenoids are found in the brain [22, 23] in concentrations that correlate positively and significantly with their respective retinal concentrations [24] , and since concentrations of these carotenoids relate positively to cognitive performance in cognitively impaired [25] and in cognitively intact individuals [26] , the potential role of these dietary compounds in optimizing and maintaining cognition warrants study. Furthermore, given the antioxidant, anti-inflammatory, neurosupportive, and neuroprotective properties of these dietary compounds [27] , and given that AMD and AD share risk factors (e.g., age, family history of disease [28, 29] , tobacco use [30] , poorer consumption of fruits and vegetables resulting in poorer antioxidant status [31, 32] ) and also share disease-defining histopathological features (e.g., accumulation of amyloid-␤ [A␤] in the respectively affected tissues [33] ), the possibility that supplementation with these carotenoids could prevent or delay the onset (or even ameliorate the course) of cognitive decline cannot and should not be ignored.
Given the putative role of carotenoids in cognition, and that MP is a biomarker for brain concentrations of its constituent carotenoids [24] and correlates with cognitive performance [26] , we conducted a randomized, double-blind, placebo-controlled clinical trial of supplementation with these compounds among subjects with low baseline MP levels.
MATERIALS AND METHODS
The design and methodology of this clinical trial (the Central Retinal Enrichment Supplementation Trial [CREST]) have been described in detail previously [34] . For the study reported herein, data from the "CREST Normal" sample were analyzed. In brief, "CREST Normal" was a parallel group, double-blind, placebo-controlled, block-randomized clinical trial, which investigated the impact of daily supplementation with a formulation containing all three macular carotenoids (in a L:MZ:Z [mg] ratio of 10 : 10 : 2) on visual function among individuals (n = 91; mean ± SD age = 45.42 ± 12.40; % male = 51.6) free of retinal disease with low MP levels at baseline. Low MP was defined as central MP (i.e., MP at 0.23 • of eccentricity) ≤0.55 optical density units (ODU). Eligibility criteria included: low MP; 18 years or older; a best-corrected visual acuity of 6/6 or better; no more than five diopters spherical equivalence of refraction; no diabetes mellitus; no ocular pathology; and no previous consumption of supplements containing L and/or Z and/or MZ.
Prior to enrolment, written informed consent was obtained from all individuals. Ethical approval was granted by the Research Ethics Committee of the Waterford Institute of Technology, Waterford, Ireland, and the Ethics Committee of the European Research Council. CREST adhered to the tenets of the declaration of Helsinki, and followed the full code of ethics with respect to recruitment, testing and data protection (Trial registration number: ISRCTN68270512). Following enrolment, individuals were randomized in a ratio of 1 : 1 (with no stratification using block randomization [35] ) to either the active (10 mg L; 10 mg MZ; 2 mg Z in a sunflower oil suspension) or placebo (sunflower oil) intervention group. Individuals were instructed to consume one capsule per day with a meal. Study visits occurred at baseline and at 3-, 6-, and 12-month intervals at a single site. This paper reports secondary outcome measures of the "CREST Normal" Trial, which examined the impact of carotenoid intervention on cognitive function in healthy individuals. Of note, the report on the primary outcome has already been published [19] . As outlined in Nolan et al. [19] , of the 105 individuals originally enrolled into "CREST Normal", 10 were excluded prior to statistical analyses as they exceeded the baseline threshold to meet the a priori-declared criteria of "low" MP (see above). Baseline cognition data were not collected for 4 individuals, thus leaving a sample size of 91 for this analysis and report.
Demographic, lifestyle, medical, ocular, and dietary assessment
Demographic, lifestyle, medical, ocular, and dietary information were documented via questionnaire. Weekly consumption of carotenoid-rich foods (eggs, broccoli, corn, and dark green leafy vegetables) was recorded using a dietary L/Z screener developed by Professor Elizabeth Johnson, Tufts University, USA. The L and Z values used in the screener were those reported by Perry et al. [36] . The dietary scores generated were weighted for frequency of intake of the food and for bioavailability of L and Z within these foods. Height and weight measurements were recorded to calculate body mass index (BMI) (kg/m 2 ).
Macular pigment measurement
MP was measured by dual-wavelength autofluorescence (AF) using the Spectralis HRA+OCT MultiColor (Heidelberg Engineering GmbH, Heidelberg, Germany). Pupillary dilation was performed prior to measurement and patient details were entered into the Heidelberg Eye Explorer (HEYEX version 1.7.1.0) software. Dual-wavelength AF in this device uses two excitation wavelengths, one that is well absorbed by MP (486 nm, blue), and one that is not (518 nm, green) [37] . The following acquisition parameters were used: high speed scan resolution, 2-s cyclic buffer size, internal fixation, 30-s movie and manual brightness control. Alignment, focus and illumination were first adjusted in infrared mode. Once the image was evenly illuminated, the laser mode was switched from infrared to blue plus green laser light AF. Using the HEYEX software, the movie images were aligned and averaged, and a MP density map was created. MP volume, calculated as MP average times the area under the curve out to 7 • eccentricity, is reported here.
Serum carotenoid (L, Z, and MZ) analysis
Non-fasting blood samples were collected at each study visit by standard venipuncture techniques in 9 mL vacuette tubes (BD Vacutainer SST Serum Separation Tubes, Becton, Dickinson and Company, Plymouth, United Kingdom) containing a "Z Serum Sep Clot Activator". Collection tubes were inverted at least five times to ensure thorough mixing of the clot activator. The blood samples were left to clot for 30 min at room temperature and then centrifuged at 725 g for 10 min in a GruppeGC12 centrifuge (Desaga Sarstedt, Hampshire, UK) to separate the serum from the whole blood. Following centrifugation, serum was transferred to light-resistant microtubes and stored at circa -80 • C until the time of batch analysis. Serum carotenoid analysis was performed by high performance liquid chromatography (HPLC), using a method that has been described previously [38] .
Cognitive assessment
Cognitive performance was assessed using the Cambridge Neuropsychological Test Automated Battery (CANTAB, Cambridge Cognition, Cambridge, UK) [39] . This computerized software program was performed on a touch-screen tablet PC and required a finger-operated response. CANTAB is one of the most widely employed cognition batteries and it has been shown to be sensitive in assessing cognitive performance for many population groups including healthy individuals [40] , patients with neurodegenerative disorders such as AD [41] , and individuals with psychiatric illnesses such as schizophrenia [42] . The CANTAB protocol [43] was followed in the administration of the test battery, which included the motor screening task (MOT) to assess comprehension, a modified version of verbal recognition memory task (VRM) and the paired associated learning task (PAL) to assess episodic memory, and an attention switching task (AST) to measure executive function [44] . An overview of the test battery is provided in Table 1 . Phonemic fluency, the capacity to generate words beginning with specific letters, and semantic fluency, the capacity to generate words belonging to a particular category, were also assessed using the "FAS" and "Animal" tests, respectively. The FAS test required the individual to generate as many words as possible beginning with the letters F, A, and S, with a 1-min time limit per letter. The "Animal" tests required the individual to name as many animals as possible in 1 min [45] . A higher score was preferable for each of these short assessments.
Statistical analysis
The statistical package IBM SPSS version 22 was used, and the 5% significance level applied, for all analyses. We did not adjust for multiple tests. Results were expressed as means ± standard deviations. Between-group differences were analyzed using Independent Samples t-tests or chi-square tests as appropriate. Repeated measures analyses of variance (rANOVA) was used to assess Time and/or TimeGroup interaction effects between the active and placebo intervention groups for MP volume, serum concentrations of L, Z, and MZ and cognitive function variables. Time effects examine whether or not a response variable is different at the various time points of interest. Time-Group effects examine whether or not the time effect differs between the active and placebo intervention groups, and this is the key effect in these types of analyses, as it is testing the impact of the intervention. A general linear model was used to assess (for dependent variables serum L, Z, MZ, and MP volume) the potential impact of sex, smoking habits, and alcohol consumption on Time and Time-Group effects. Spearman's rank correlation coefficient was used to investigate potential relationships between observed changes in cognitive scores and observed changes in MP volume and/or observed changes in serum concentrations of each of MP's constituent carotenoids.
RESULTS
The baseline demographic, health and lifestyle, MP volume, serum carotenoid concentration, and cognition data are presented in Table 2 . There were no statistically significant differences between active and placebo intervention groups for any of these baseline variables, with the exception of the semantic fluency score, which was significantly higher in the active intervention group (p = 0.001). No comprehension or sensorimotor difficulties were observed during the CANTAB assessment, as the MOT was successfully completed by all individuals. Therefore, subsequent cognitive assessments were deemed valid. An arrow is displayed on one side of the screen (right or left) and pointed in one direction (also right or left). Each trial displays a cue at the top of the screen, which instructs the individual as to whether they must press the right or left hand button according to the "side on which the arrow appears" or the "direction in which the arrow is pointed". Some trials display congruent stimuli (e.g., arrow on the right side of the screen pointing to the right), while other trials display incongruent stimuli, which require a higher cognitive ability (e.g., arrow on the right side of the screen pointing to the left).
Correct latency Lower Percentage of correct trials Higher Congruency cost (see legend)
Episodic memory (verbal stimuli)
In the free recall format, the individual is presented with a sequence of 12 words. Immediately afterwards, the individual is asked to verbally recall as many words as possible from the list. This is repeated twice more. Following a 20-min delay, the individual is once again asked to verbally recall as many words as possible from the list presented to him/her earlier. MOT, motor screening task; AST, attention switching task; VRM, verbal recognition memory; PAL, paired associated learning; Mean latency, the speed (ms) of response to the stimulus; Mean total correct, number of correct responses; Mean total errors, the distance between the center of the cross and the location touched; Correct latency, the speed (ms) of response to the stimulus; Percentage of correct trials, number of correct responses; Congruency cost, a positive score indicates that the individual is faster on congruent trials and a negative score indicates that the individual is faster on incongruent trials. Immediate free recalls (trials 1-3), total number of correct words recalled for trial 1,2 and 3; Total immediate free recall, the sum of trials 1-3; Intrusion errors (trials 1-3), total number of words recalled that did not appear in the list; Learning slope, trial 3 total minus trial 1 total, total score from trial 3 subtracted from trial 1; Delayed free recall, the total number of words correctly recalled after a 20-min delay; Delayed intrusion errors, total number of words recalled after a 20-min delay that did not appear in the list; Delayed recognition total, the total number of words correctly recognized; Recognition false positives, total number of times an individual mis-identified a distractor word as a correct word, memory score, number of patterns correctly located after the first trial, summed across the stages completed; Total errors, the adjusted score and includes an adjustment made for any stages not reached, allowing it to be comparable to all subjects even if the task was ended prematurely due to cognitive limitation; Total errors stage 6 adjusted, total errors made at the 6-pattern stage, adjusted for subjects who did not reach this stage.
Change in outcome variables over time MP and serum carotenoids
In Table 3 , we report variables in this study for which we found a statistically significant Time or a 0.036 ± 0.040/0.000 ± 0.000 mol/l) (rANOVA, p < 0.001, for all). Serum concentrations of Z did also increase in the active intervention group (baseline/exit 0.052 ± 0.042/0.086 ± 0.050 mol/l) and remained stable in the placebo group (0.058 ± 0.037/0.063 ± 0.054 mol/l), but the Time-Group interaction effect was borderline (rANOVA, p = 0.082).
Cognitive function variables
As seen in Table 3 and Fig. 1A and 1B (for examples), we found statistically significant TimeGroup interaction effects for four cognitive variables, i.e., individuals consuming the active intervention demonstrated improvements in measures of cognitive function that were not seen in the placebo group. These were (baseline/exit score for active and placebo groups, respectively): VRM delayed intrusion errors (0.12 ± 0.33/0.04 ± 0.20 and 0.00 ± 0.00/0. 21 . Of note, improvements were mainly seen in tests assessing memory in this study, and the possible implications of these findings are discussed below. Of note, for three other cognitive tests (AST correct latency, AST percent correct and phonemic fluency) we found a statistically significant Time effect, but not a Time-Group effect, which suggests a learning effect in these measurements (i.e., the improvement did not differ between the groups and therefore was unlikely due to the intervention; rather, the individual probably performed better with the passage of time due to a learning effect).
Effects of sex, smoking, and alcohol consumption
We also investigated, for statistically significant Time or Time-Group effects, possible interactions with other variables, namely sex, smoking habits, and alcohol consumption. The dependent variables in these analyses were serum L, Z, and MZ, and MP volume. No significant interactions were found (p > 0.05, for all). Thus, for example, changes in MP volume did not differ significantly between males and females, by smoking category, nor by alcohol consumption.
Relationship between change in MP/serum carotenoids and change in cognition
Spearman's correlations were obtained in order to investigate whether observed changes in cognitive scores were related to observed changes in MP and/or observed changes in serum concentrations of L, and/or Z and/or MZ (See Table 4 , and Fig. 2A and 2B for examples). Of interest, the observed reduction in total errors made at the 6-pattern stage of the PAL task was significantly related to the observed increases in MP volume (r = -0.342; p = 0.005; n = 67) and to the observed increases in serum concentrations of L (r = -0.346; p = 0.006; n = 61). Furthermore, the observed reduction in intrusion errors in the VRM delayed assessment was significantly related to the observed increases in MP volume (r = -0.306; p = 0.033; n = 49) and to the observed increases in serum concentrations of MZ (r = -0.304; p = 0.045; n = 44).
DISCUSSION
Given that MP levels correlate with concentrations of L and Z in brain tissue, and that retinal and serum concentrations of these carotenoids relate positively to cognitive function, this randomized, double-blind, placebo-controlled clinical trial was undertaken to examine the impact of supplemental L, Z, and MZ on memory, executive function and verbal fluency in healthy individuals.
Following carotenoid supplementation (in a L:MZ:Z [mg] ratio of 10 : 10 : 2) for a period of 12 months, individuals exhibited significant improvements in episodic memory. These findings are consistent with the literature, where positive associations between MP levels and cognitive function have been demonstrated [44, 46, 47] . With specific reference to memory assessments, a population-based, cross-sectional study (n = 4453) [26] showed that lower MP was associated with reduced likelihood of success on one prospective memory task (i.e., remembering to perform or recall a planned action or intention at some future point in time), but did not observe any significant associations between MP levels and immediate or delayed memory. The present study assessed episodic memory using the PAL task and a modified version of the VRM task. No significant improvements were observed for immediate memory, although individuals consuming the active intervention did commit significantly fewer intrusion errors during the delayed memory assessment (VRM delayed free recall) than subjects receiving placebo, but this latter finding should be interpreted with full appreciation that baseline error rates were low in each group (thus calling into question the clinical meaningfulness of this statistically significant finding). Individuals consuming the active intervention did, however, exhibit improvements in total PAL memory score, and a reduction in the number of errors made during this task. Interestingly, the PAL task has been shown to be an effective test of hippocampal connectivity and to be sensitive to subtle impairments (and fluctuations of impairment) in pre-symptomatic and mild stages of cognitive impairment [48] . The PAL 6-pattern error score, in particular, has been shown to discriminate between AD patients and non-demented (depressed and healthy) individuals, and to predict cognitive decline in sub-groups of memory-impaired patients, prompting investigators to postulate that the PAL may be particularly sensitive to entorhinal/hippocampal damage that characterizes AD because of its inherent need to combine object-based and contextual information [49] . Additionally, the PAL task has real-world, holistic relevance, having been shown to correlate positively with self-reported every day memory failures and with independent completion of activities of daily living [48] . In our study, observed increases in MP volume and in serum concentrations of L were significantly related to the observed reductions in total errors made at the 6-pattern stage of the PAL task, while observed increases in MP volume and in serum concentrations of MZ were significantly related to observed reductions in intrusion errors during the VRM delayed task. In a recent study by Feeney et al. [50] , plasma concentrations of L and Z were each independently and positively related to measures of global cognition, memory and executive function in a cross-sectional analysis of a population-based cohort of 4,076 subjects. Additionally, serum concentrations of Z were noted to be significantly and positively related to processing speed in the same population [50] . A smaller scale cross-sectional study (n = 589) reported positive associations between cognitive function and plasma levels of Z [51] . Other data derived from populationbased [22] and cross-sectional studies [52] (n = 43 to 220) have also reported positive associations between cognitive function and serum levels of L and Z.
In order to understand the potential implications of our findings it is important to discuss how they relate to episodic memory. Episodic memory refers to the ability to learn, store and retrieve information about experiences that occurred at a particular time and place, e.g., remembering where you parked your car in a multi-story car park [53] . Despite marked interindividual variability, episodic memory is subject to age-related decline, which accelerates after age 60, as a result of changes in the relevant neurocircuitry, including neocortical regions, medial temporal lobe (MTL) regions, the hippocampus and adjacent cortical areas [54] . Reduced neuroplasticity, as a result of aging, causes a reduction in white and gray matter volume [55] , as well as alterations in hippocampuscortex connectivity, prefrontal-MTL connectivity (involved in encoding), and precunes (located in the medial parietal cortex)-MTL connectivity (involved in memory retrieval), which collectively and interactively contribute to impairments in episodic memory [54, 56] . This age-related decline in episodic memory is subject to provocation by several risk factors, including (but not limited to): fewer years of formal education; low socio-economic status; isolated environment and marital status; genetic background; low physical activity level; smoking; cardiovascular disease; and depressive symptoms [28, 57] . It should also be appreciated that poor episodic memory in cognitively normal adults is associated with increased risk for AD [58] , and that age-related decline in episodic memory and AD share many of the aforementioned antecedents.
Optimization of episodic memory can improve social inclusion and cohesiveness, where individuals maintain their capacity to participate in, and continue to create memories of, life events, e.g., attending a family function [59] , for subsequent retrieval. Additionally, optimal episodic memory is important for an individual's level of risk awareness by using the memory of a previous experience to develop protective behaviors in future situations, e.g., giving your money to strangers or leaving the front door open [59] . Although an improvement in episodic memory favorably alters the risk profile for AD, it cannot be asserted that an improvement in episodic memory (as a result of, say, supplementation) necessarily negates the longstanding and pre-existing risk for going on to develop AD thereafter. Nevertheless, it is reasonable to hypothesize that the observed improvements in episodic memory reflect favorable changes in physiological functionality, structural integrity and synaptic activity of brain regions involved in memory, and that these favorable changes are attributable to the supplemental carotenoids as these compounds have been shown to be neurosupportive and neuroprotective in these respects (see below), and that this observed and desirable effect may have some long-term benefits [60, 61] .
As noted, episodic memory is supported by a large network of brain areas including neocortical regions (prefrontal, parietal and temporal cortices) and components of the MTL, including parahippocampal regions and the hippocampus [62] . To date, L and Z have been identified in the hippocampus, cerebellum and frontal, occipital and temporal cortices [22] [23] [24] . The emerging view that the macular carotenoids are neuroprotective is premised upon their chemical composition (i.e., amount of conjugated double bonds and the presence of polar hydroxyl groups) and their localization within the lipid bilayer of the cell membrane, thus bestowing antioxidant and anti-inflammatory activity upon these compounds at loci where they are needed [18, 63] , and thereby potentially mitigating processes involved in neurodegeneration. It has also been suggested that L can facilitate the transfer of compounds (e.g., molecules or nutrients) from one cell to another via gap junctions (i.e., intercellular membrane structures comprised of proteins known as connexions). Gap junction channels contribute to sharpened neuronal activity, which have been proposed to underlie cognitive processes such as memory, perception, and learning [64] . Other mechanisms whereby L and Z may play a neuroprotective and/or neurosupportive role have been proposed, and it has been suggested that these xanthophylls can enhance the structural integrity of membranes [61] and positively impact neural efficiency [47, 52] . This is not the first study to report improved cognition following supplementation with the macular carotenoids, and examples of what previous investigators have found in this respect include: improved verbal learning [52] , verbal reasoning [61] , verbal fluency and memory [65] , as well as greater processing speed [47] and reduced reaction time [66] .
While it was anticipated that the global prevalence of dementia will continue to rise [28, 67] (due to increases in average life expectancy), a number of population-based epidemiological studies have recently reported that the age-specific incidence and that the anticipated prevalence of dementia are actually declining in high-income countries [68] [69] [70] [71] [72] [73] . While it is unclear whether or not this trend is set to continue (given that some studies report mixed results [74, 75] ), this unexpected and observed decline merits comment as it seems to dispel the received wisdom that we are all predestined by an admixture of age and genetic background to ultimately develop dementia. Although the factors offsetting the anticipated rise in prevalence of dementia have yet to be identified, and in spite of the suggestion that rising levels of educational attainment and improved control of vascular risk factors may be playing a role in the welcome observation [70, 71] , there is a consensus that a single variable is unlikely to account for the finding.
Over the last century or so, educational attainment has improved with each succeeding generation, reflected in the observation that the proportion of U.S. adults aged 65+ years with a high school diploma (12 years of education) increased from 53% in 1990 to 72% in 2003, and that the proportion with a college degree increased from 11% to 17% during the same period [76] . Wealth levels have also increased during the same period of time, reflected in a U.S. median household net worth of $108,000 and at $180,000 in 1989 and 2009, respectively, for individuals aged 65+ years [77] . Interestingly, higher educational attainment and higher income levels have been consistently associated with better cognitive function status [78, 79] . Moreover, education has been consistently associated with a reduced risk of dementia, and this observation has been putatively attributed to the beneficial impact of education on cognitive development, i.e., the cognitive reserve hypothesis [80] , the implications for and consequences of associated greater wealth [81] , ongoing mental stimulation, e.g., more challenging occupations [82] and a consequentially enhanced ability to navigate health care systems [83] . Importantly, education (a determinant of socioeconomic status), is linearly associated with better health indicators including higher rates of physical activity [7] , lower rates of tobacco use [8] and healthier diets [9, 84] , and greater consumption of organic foods [85] , all of which (while not denying the importance of hereditary factors) are believed to play a role in minimizing dementia risk [6] . Interestingly, a recent population-based study of 4,280 individuals identified education as an independent predictor of MP [9] , and therefore to brain concentrations of its constituent carotenoids [24] , thus representing a hitherto overlooked explanation whereby education protects against dementia risk in later life (see below).
But is it really plausible that nutrition is so important for cognition and its maintenance in later life, that the risk and clinical course of an age-related condition, such as AD, could be favorably modified by simple nutritional intervention? First, we here emphasize that neither the incidence nor the prevalence of dementia has turned out to be a mere function of age, as discussed above. Second, it is important to understand that the adult human nervous system, including the brain, is composed entirely of post-mitotic cells (i.e., cells which cannot divide and therefore cannot replace themselves), and is therefore more vulnerable to cumulative oxidative stress (as such cells must endure a lifetime of free radical injury because they are not replaced [86] , thereby rendering a healthy neurocognitive system particularly dependent upon antioxidants that can and do cross the blood-brain barrier, e.g., vitamin C, L, Z) [87] . In other words, there is a sound rationale to postulate that the interaction of the aging brain and lifelong nutrition (rather than merely the aging brain, and notwithstanding other and acknowledged risk factors, such as genetic background) represents a determinant of whether and/or when a person goes on to develop dementia.
One of the most profound changes to everyday life in the last 100 years is the widespread availability of affordable foods, made possible by the advent of intensive farming. Over the last 70 years, the nutrient content of intensively farmed fruits and vegetables has plummeted [88, 89] , a finding that is relevant to this study and to the current epidemic of AD. The catastrophic meltdown of the nutrient value of foodstuffs has occurred as a result of a process known as devolution, whereby genetic traits that are no longer required are lost or are not expressed, and this is attributable to genetic drift and/or geneenvironment interaction (epigenetics) [90, 91] . A simple and dramatic example of devolution is pigmentation loss (due to differential gene expression of the Mc1r gene) in subterranean, deep-dwelling varieties of cavefish (where, because of darkness, no pigmentation is required), when compared with surface-dwelling varieties (where pigmentation is required) of the precise same species [92] . Indeed, this phenomenon is seen across animal and plant species, where non-essential traits are lost (through genetic drift or through epigenetic non-expression) in an attempt at energy conservation [93] . If evolution is an arms race, devolution is downsizing. Equally, the nutrient (as opposed to calorie) content of a given vegetable (e.g., vitamin C, L, Z) affords that vegetable protection against environmental stresses (e.g., oxidative stress) and is not there for the benefit of the herbivore/omnivore that consumes the vegetable (e.g., rabbit, humans, etc.), and these nutrients are surplus to need where fertilizers, insecticides and other growth facilitators are being employed, and devolution ensues with the result that the nutrient content of the vegetable depletes [94] . And given that a generation of crops is sewn and harvested, at least, annually, a period of 70 years allows for meaningful (d)evolution-driven phenotypic change (equivalent to ∼1,750 years of human [d]evolution, as a human generation is traditionally deemed to be 25 years; interestingly, significant changes in human height are observed in a mere fraction of such a time period [95] ).
In other words, there is a biologically plausible hypothesis, underpinned by (albeit circumstantial) empirical evidence, that reconciles the observed increase in prevalence of AD over the last thirty years or so with the declining prevalence of AD in association with high-income in recent years. This hypothesis implicates declining nutrient content of commonly ingested foods over the last thirty years or so among lower socio-economic groups, is reflected in parallel finding in MP (a biomarker of CNS nutrition) and is consistent with the recently articulated notion that one third of cases of dementia worldwide could be averted by modification of lifestyle [96] . However, it is important to note that the current study was conducted in normal healthy subjects (and not in patients with AD). Therefore, the aforementioned links between nutrition and AD, while supported by our study, cannot be directly addressed by our work.
It is important to note that the results of this study are not necessarily generalizable to the overall population, given that CREST was a single-site study and a large proportion of the individuals enrolled into the study were recruited from the same geographical area. Another limitation of this study rests on the lack of a cognitive screening assessment prior to enrollment, thereby precluding the opportunity to apply inclusion/exclusion criteria on the basis of cognition. In an attempt to address this issue, baseline verbal fluency (phonemic and semantic) [97] , and CANTAB data were compared with available normative data (PAL only) obtained from Cambridge Cognition (http://www.cambridgecognition.com). All individuals scored within the normal ranges for semantic, phonemic, and PAL variables, suggesting that they were free from cognitive impairment at baseline. Additionally (and as noted previously), all individuals successfully completed the MOT assessment, indicating that there were no comprehension or sensorimotor difficulties. It is also important to note that other nutrients related to cognitive health, e.g., omega-3 fatty acids, choline or vitamin B were not assessed in this study, but merit investigation in further studies. A major strength of this study rests on its design. CREST was a double-blind, randomized clinical trial, where neither the subjects nor researchers knew which individuals were consuming the active supplement and which subjects were consuming the placebo, and where allocation to the active treatment or placebo was randomized. In addition, CREST provided a unique opportunity to test whether observable, supplementation-induced changes in MP relate to observable changes in cognition in healthy adults with low MP (and therefore, putatively low brain concentrations of L and Z).
In conclusion, we have shown improvements in episodic memory among healthy individuals with low MP following supplementation for 12 months with a formulation containing the carotenoids L, Z, and MZ. These findings are in keeping with emerging and previous research, which has consistently shown a positive relationship between measures of MP and cognitive function. Given that MP levels correlate with L and Z concentrations in brain tissue, and that concentrations of these carotenoids relate positively to cognitive function, it is reasonable to hypothesize that these compounds assist in optimizing the neurocognitive environment. The implications of these findings for cognition in health and disease warrants further exploration.
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